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Introduction 32
Impulse waves are usually generated in reservoirs, rivers, lakes and seas as rock/soil masses 33 impact water, resulting in huge economic losses and casualties (Wang et al. 1986 which spread very long in distance generally (Crosta et al. 2001 ). Such flowing characteristics of 42 motion can be described through both the continuous rheological model and the discontinuous 43 model. The discontinuous model features natural intuitive similarity when used to study the 44 motion of non-coherent granular flows. For the discontinuous method, grains are generally 1 simplified to be sphere. These grains can interact with each other through well-defined 2 microscopic contact models (Hertz 1882; Zhang and Whiten 1996; Johnson 1985) and with the 3 fluid (e.g. water or air) by empirical correlations of fluid and solid interaction models. However, 4 the discontinuous method means a large challenge for individual researchers. That is because even 5 for a small rockslide, the simulation will require numerous cells and huge computational resources, 6 hard to be processed by personal computers (Utili and Crosta 2011). Whereas the model based on 7 continuous granular flow is free from this problem. 8
The continuous granular flow model is built by using viscous fluid. In this field, high 9 concentration granular flow was studied by Bagnold ( 
Here: and are the continuous fluid viscosity and density between granular (e.g. air or 29 water), ρg is the granular density, e is the coefficient of restitution associated with grain impacts, d 30 is the grain diameter, and d is a function of the maximum solid volume fraction. Physically, 31
where S is defined as the average distance between grain centers, du/dy is the mean 32 velocity gradient of the granular mixture. 
While for the dispersed phase of granular flow, it is 5
Where: 7 u1 and u2 represent the velocities of the continuous and dispersed phases, respectively; F is the 8 body force; P is the pressure; K is a drag coefficient that relates to the interaction of the two 9 phases; ur is the relative velocity difference between the dispersed and continuous phases: 10
The volume-weighted average velocity u of a mixture is Eq. (5).
The volume-weighted average velocity momentum conservation equation is Eq. (6). 14
The drag per unit volume (K) is calculated by Eq. (7). 16
Where: 18 A2 is the cross sectional area per unit volume of the dispersed phase; 19 1  and 1  are the water density and dynamic viscosity;
20
CD is the user-specified drag coefficient. It is a dimensionless quantity and is 0.5 for spheres. 21 R2 is the average particle size of the granular. and diffusion of the turbulent kinetic energy, the production of turbulent kinetic energy due to 31 shearing and buoyancy effects, diffusion, and dissipation due to viscous losses within the turbulent 32 eddies (Yakhot and Orszag 1986; Yakhot and Smith 1992). The transport equation for KT is: 33
An additional transport equation is solved for the turbulent dissipation, εT: 2
In the RNG turbulence transport models, the kinematic turbulent viscosity VT is computed from 5
The diffusion of dissipation, Diffε is: 7
Where kT is the turbulent kinetic energy, VF is the fractional volume open to flow, Ax is the 9 fractional area open to flow in the x direction, Ay and Az are similar area fractions for the flow in 10 the y and z directions, respectively. PT is the turbulent kinetic energy production term, GT is the 11 buoyancy production term, εT is the turbulence dissipation term. The impulse wave disaster generated by landslide happened again in this reservoir, which drew 3 much attention. 4 5 Fig. 1 The location of Tangjiaxi landslide in the Zhexi reservoir, Hunan Province, China
6
The landform of Tangjiaxi stream valley belongs to the type of medium gorge. The elevation of 7 the highest mountain in this valley is 650 m, while the bottom elevation is 140-170 m generally. 8
The overall flow direction of Tangjiaxi Stream is 245°, with a large gradient of about 1 km long. 9
When water level elevation is 169.5 m, the stream is 2-100 m wide and 2-30 m deep. The original 10 slope at valley bottom is about 25°~30°, and that at altitude above 200 m was 35°-45°. Generally, 11 eluvial and diluvial deposit of 2-5 m thick was developed in the slope of the valley, with lush 12 vegetable covered.
13
The rain continued for almost half a month from late June to early July in 2014. The daily rainfall 14 was 98.5 mm around July 4. The Zhexi Reservoir was hit by rainstorm on July 13 again. The 15 rainfall reached 102.5 mm on July 15 and seriously 239 mm on July 16 (Fig. 2) . Rainfall increased 16 the weight of sliding mass, formed greater underground water dynamic pressure, and decreased 
1
According to the description of many local survivors, the first slide occurred around 7 AM on 2 July 16. Fig. 3 shows the scene of the first slide. Starting from the toe of the slope, the first slide 3 was shallow soil slide which destroyed one of the three houses on the sliding mass. There was a 4 short quiet period after the first slide. About 10:20 AM, rock blocks rolled down from the top of 5 the slope and the global slide started. As soon as the landslide mass started to run out, rocks broke, 6
crashed and rushed rumbly down to the slope foot, and houses were buried quickly. The mass 7 impacted on Tangjiaxi stream at a high speed and induced huge waves, and the still water level 8 was 169.5 m above sea level (asl.). 9
As shown in Fig. 4 , the morphology of landslide scar was triangular in shape. The crown 10 elevation of the landslide was about 315 m and the elevation of the outlet was about 155 m. The 11 height difference was 160 m. At 26 m above the water surface, the landslide was 95 m wide, and 12 at 56 m above the water surface, the landslide width reached 80 m. Much closer to the crown, the 13 width of the landslide was smaller. The landslide was 15 m thick on average, with a total volume 14 of 160,000 m 3 , and main sliding direction was 320°. 15 Fig. 4 The scene of Tangjiaxi landslide, taken on July 23, 2014, when the water level was 167 m asl. The river was full of wood and debris, which were the destroyed building materials.
16
The underlying bedrock of Tangjiaxi Slope is Nantuo Formation (Zn) and Guanyintian 17
Formation of Sinian (Zg) according to drilling reconnaissance and field survey. The lithology is 18 grey-green till conglomerate and red metamorphosed quartz sandstone. The dip of schistosity of 19 the rock mass is 300°-310° with the dip angle of 30°-40°. Two groups of faults with high dip angle 20 are developed under the slope, which strike direction is nearly parallel to the valley. The fault belt 21 is mylonite mainly (Fig. 5) . Influenced by the fault, fissures are developed and there are mainly 22 two groups of the structure planes: 1. fissures with a dip of 20°-30° and a dip angle of 60°-70°; 2. 23 fissures with a dip of 300°-320° and a dip angle of 65°-70°. Red or brown clay can be seen in 1 some fissures. Two groups of structural planes and schistosity intersected mutually cataclasite 2 structure rock mass were formed in Tangjiaxi slope. 3
Fig. 5 Geological engineering section of Tangjiaxi landslide 4
After the landslide failed, cataclasite structure rock mass disintegrated quickly. The 5 accumulation of sliding mass was mainly composed of rock blocks of different sizes. Medium and 6 large rock blocks were mainly in the lower-middle part, with the maximum length of rock blocks 7 of about 2.5 m. Rock blocks in the accumulation, having the shape of sharply angular with an 8 average diameter of 30-40 cm, overhead stacking (Fig. 6 ). The few gravelly soils on the 9 accumulation site were mainly distributed on the flanks of the landslide and at the front edge of 10 accumulation fan. These soils were mainly derived from weathered layer and eluvial deposit of the 11 original slope. 12 13 14 Part of the sliding mass was accumulated in the watercourse and some stayed on the slope. The 15 landslide dam raised the river bed and halted part of upstream water to form a small landslide lake. second terrace of the landslide, which could be seen obviously in Fig. 7 . 7 Fig. 7 Profile photo of Tangjiaxi Landslide, taken on July 23, 2014, when the water level is 167 m asl.
8
Witnesses described that it took only several seconds for the landslide to slide into the water 9 and form the landslide dam. Calculated by 10 seconds for the sliding duration time, the landslide 10 barycenter is about 70 m above still water surface and the sliding distance is about 120 m. It is 11 estimated roughly that the biggest impact speed is about 24 m/s according to Newton's laws of 12 motion. Huge impulse waves were triggered by the high-speed landslide. The impulse wave 13 attacked the opposite bank, razed 6 houses to the ground, and cut trees to the root (Fig. 8 A) . And 14 then, the impulse wave flowed both upstream and downstream. The high-speed wave destroyed all 15 houses (Fig. 8 B&D) and trees ( Fig. 8 C) it met. 9 houses were destroyed in this tsunamis event, 8 16 houses damaged and 121 persons of 17 families affected. The impulse wave caused three deaths, 17 nine people missing, and eleven people wounded, six of which were badly hurt. Fortunately, 18 owners of 5 destroyed houses went out for work and did not stay in the houses. Otherwise, the 19 casualties would be more serious.
20
Though the watercourse in the landslide zone was only about 10m in average, the limited water 21 gained great energy from the rock blocks granular mass at a high speed and formed huge impulse (Fig. 9 ).
6
The digital elevation model of Tangjiaxi sliding mass is plotted based on the drilling survey and 7 the topographic maps before and after the landslide, with a volume of about 158,000 m 3 . Tangjiaxi  8 landslide model is set to be a granular flow model. As Tangjiaxi landslide failed under the 9 condition of persistent rainstorm, the gaps between grains were basically filled with rainwater. 10 Thus, the fluid in Tangjiaxi landslide granular flow gaps was water. During the process of 11
Tangjiaxi landslide motion, there were two distinct phases for the motion of rocky grains: start-up 12 and moving phase and impact-stop phase in sequence. Impact in the first phase mainly occurred 13 among grains and that in the second phase mainly between leading grains and the opposite bank. 14 Therefore, two elastic restitution coefficients were adopted, and 0 was taken in the second phase 15 when the leading granular flow impact the bank. After trial calculation, 0.2 was taken in the first 16 phase when the impact mainly occurred among grains, which makes the simulation results more 17 realistic. Parameters required for granular flow motion calculation are as shown in Table 1 . The 18 parameters of density, average diameter and initial porosity of rock grains were determined 19 through field survey and laboratory tests. Tangjiaxi sliding mass was in stationary initially and 20 started moving under gravity. The granular flow moved and coupled with water after exposure to 21 the river water. The water surface elevation in the model is 169.5 m asl., and the still water surface is the initial 1 condition. Xmin surface is the zero flow boundary to ensure a constant water volume of Tangjiaxi  2 stream. Zmax (water surface) is zero pressure boundary or free surface. Zmin surface, Xmax 3 surface, Ymin surface and Ymax surface are all solid wall surfaces which is far away from the 4 valley, so they are also zero flow boundaries. With the finite element/volume method with Euler 5 algorithm adopted, there are 13,001,472 units in total in grid of 2 m × 2 m × 2 m. The simulation 6
calculation of the numerical model lasts 30 s, After 6 s, the model come into the phase II as the 7 leading granular flow impact the bank based on trial calculation. 8 9 Fig. 9 Numerical model for Tangjiaxi landslide-induced impulse waves. Red points refer to the velocity monitoring points of the sliding mass motion and blue ones refer to the process monitoring points for water level. 
Results

11
The coupled results were analyzed in the following aspects: the motion process of the sliding mass 12 and the process of impulse wave. And the model's validity was also checked through comparison 13 with the field survey results. 14 3.
Landslide movement process 15
Upon the start of the model analysis, the sliding mass started to move. From the depth-averaged 16 velocity curves at different elevation points in the sliding mass, it can be seen that the time that 17 different parts of the sliding mass took to reach the maximum velocity varied. Generally the parts 18 of sliding mass reached the maximum velocity before the sliding mass impacted the opposite 19 valley (the 6th second). The maximum sliding velocity of the area at the rear edge (V0) was about 20 16.6 m/s; that at the middle of the sliding slope (V2) was about 30.9 m/s, possibly the maximum 21 motion velocity of the sliding slope. V3 point located at the riverside with an elevation of 169.5 m, 22 V3's velocity approximated to the speed at which the sliding mass impacted water, up to 22.5 m/s 1 (Fig. 10) . The value was equivalent to the maximum impact velocity estimated in field, which is 2 24 m/s. After the sliding mass impacted the opposite valley, the motion velocity of different parts 3 of the sliding mass dropped sharply; when it went to about 10 s, the value at the middle and lower 4 parts of the sliding mass was generally lower than 1 m/s, and that at the upper part was lower than 5 3 m/s. After 19 s, the velocity of the sliding mass was lower than 1 m/s in overall. 6 7 Fig. 10 Depth-averaged velocity process plot of monitoring points in the sliding mass. See Fig. 9 for positions of VO--V1.
8
Observed from the landslide configuration at different time, the motion of the sliding granular 9 flow on land is generally within the scope of the sliding mass. After t=4.0 s, the sliding mass 10 started to occupy the watercourse and extended to the upstream and the downstream, forming a 11 fan shape (Fig. 11) . It can be seen from the comparison with the final plane shape of the 12 watercourse that numerical simulation results show a more ideal fan-shaped accumulation 13 (Mohammed and Fritz 2005), and that the landslide dam shape formed in the numerical simulation 14 differed from the actual situation (Fig. 12) . This was possibly attributed to the presumption in the 15 numerical model, i.e., the solid gains are ideally spherical, with a similar grain size. 16 Fig. 11 Instantaneous state of Tangjiaxi landslide and river surface at t=4.0 s. In the figure, the red area is Tangjiaxi sliding mass, the cyan one is water, and the blue arrow is the motion direction of unit mass points. 
17
From the A-A' section dynamic process of the landslide in Fig. 13 , we can see that as the time 1 went, solid grains of the sliding mass gradually moved to the valley and accumulated. At t=2.1 s, 2 substances in the sliding mass slid to the river bed. Substances with an elevation of over 200 m 3 moved at high velocity, so sliding mass in the area started to get thinning. After 2.1 s, the sliding 4 mass started to occupy the river bed in a large scale. At t=4.0 s, a small accumulated platform 5 appeared in its early form in the valley, and kept moving to the opposite. At t=6.0 s, the leading of 6 the sliding mass impacted the bank slope of the valley, when the landslide formed a large sliding 7 dam in the valley and almost dammed the watercourse. At t=19.2 s, the landslide configuration 8 was similar to that at t=6.0 s, and it almost kept unchanged from then on, thus forming a landslide 9
dam with an average elevation of about 171 m. The actual average elevation of the landslide dam 10 formed was about 172.5 m. From the section landform after the landslide deposited, we can see 11 that the actual landform after landslide had an obvious two-step platform while the simulated 12 result was only large one-step landslide platform, but their surface lines were similar. 13 
1
After the sliding mass occupied the watercourse, it pushed and supported the river water to 2 move outwards and upwards in an arc shape ( Fig. 13 and I in Fig. 14) , similar to the forming of 3 the impulse wave induced by Qianjiangping landslide. At t=6.0 s, an arc-shaped water wall formed 4 on the river surface, about 10 m high and with the maximum water velocity of about 12.0 m/s, 5 impacting the opposite and the upstream and the downstream (II in Fig. 14) . The residential area 6 in Area C was impacted firstly at the maximum impact velocity of 11.5 m/s (III in Fig. 14) , 7 resulting in a maximum run-up of 16.5 m in the area. At t=9.6 s, water reached to the ridge near A, 8 with the maximum traveling velocity of 12.1 m/s (IV in Fig. 14) . At t=11.1 s, water flowed over 9 the ridge and impacted to houses in A, with the maximum velocity of 11.6 m/s. At t=14.4 s, 10 impulse waves started to impact houses in B, with the maximum velocity of about 7.0 m/s (V in 11 Fig. 14) . After 16.3 s, impulse waves spreading to the upstream reached the residential area in D, 12 with the maximum water flow impact velocity dropping to 3.8 m/s (VI in Fig. 14) . Based on 13 calculation, the duration from the time the sliding mass started to the time impulse waves attacked 14 the houses was about 20 s. The impulse waves attacked at high velocity and caused serious house 15 damages and heavy casualties in the area.
16
We can also see from Fig. 2 that as Tangjiaxi valley was narrow, the phases of generation, 17
propagation and run-up of the impulse wave were hard to distinguish at the reach where the 18 landslide slid into water, so it was not a typical process of impulse waves. As shown in the water 1 level process line of various points in Tangjiaxi river surface (Fig. 15) , there was only one large 2 peak for the impulse waves in the landslide, especially typical at the reach where the landslide slid 3 into water (H3 in Fig. 15 ). Since the upstream of the landslide was quickly dammed after impulse 4 waves arrived, water reaching the upstream failed to flow smoothly and therefore formed 5 temporary upsurge in the upstream (Wang et al. 1986 ). The maximum upsurge in the upstream was 6 up to 172.5 m (H2 in Fig. 15) Fig. 15 ). 9 
10
During the generation of this atypical landslide-induced impulse wave, it was hard to determine 11 the maximum height of the first wave in the watercourse. The maximum propagating height of the 12 wave in the peripheral watercourse of the landslide zone was about 8.0 m, located at the 13 downstream of the landslide. The maximum run-up of the landslide was calculated to be 21.8 m at 14 the opposite bank of the landslide; the run-up of this point in the field survey was 22.7 m. The 15 slope at the opposite bank of the landslide was directly impacted by the impulse wave, with 16 relatively higher run-up. In overall, the run-up was higher in the area where the landslide slid into 17 water and gradually decreased in the periphery with the increase of distance. there is non-coherence among the grains. Although some parameters are taken by back analysis in 26 the case, the dynamic capacity of sphere grains is bigger than grains with other sharp, which make 27 the energy transferred to water higher. Meanwhile, in the actual situation, rock mass slides into 28 water along with disintegrated. In the dynamic process, there should considerate general 29 coherence to reflect these forces. Therefore, the run-up values simulated are larger than 30 investigations in generally. Consideration of coherence and sharp of grain is a main modification 31 direction for this granular flow coupling model, which might improve its realism for a wider range 1 of applications. 2 3
Conclusion 4
In the paper, a full coupling numerical model for landslide-induced impulse wave was built, 5 non-coherent granular flow Mih model was used to simulate the dynamic characteristic of 6
Tangjiaxi rockslide, and the two-phase flow model and RNG model were used to simulate the 7 impulse waves while the granular flow impacted water. 8
Tangjiaxi rocky granular flow slid into the watercourse and then moved to the upstream and the 9 downstream, forming a fan shape, and deposited to be a landslide dam in the valley, damming the 10 watercourse. The sliding mass impacted water at the maximum velocity of 22.5 m/s, and at the 11 moment the maximum celerity of wave was 12.1 m/s. It was an atypical impulse wave at the reach 12
where the landslide slid into water, where the phases of generation, propagation and run-up of the 13 impulse wave wave were hard to distinguish. The impulse wave induced by the landslide directly 14 attacked the opposite residential area, with the maximum run-up of 21.8 m as calculated. 
